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CZ2QA  THE EXPERIMENTAL TECHNIQUES

‘ > A « 1 or 2 FF detected
neutron * Identified in A or Z
@ i'.'.'.l'd

Major difficulties

(Thin) )Target usually radioactive

Low detection efficiency

Mass number only measured in most experiments
Atomic number very hard to get

Despite 75 years of effort, there is no way to identify all FF
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C22A  THE FE MASS YIELDS MAJOR ACTINIDES
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C2AQ THE NUCLEAR CHARGE MEASUREMENT ISSUE

Full ID needed for applications and for underatanding of the process
 Mass number doesn’'t mean much
« How to measure the Z ?

« Specific methods

« Chemical separation + Gamma spectroscopy
« X-ray identification

« General method : energy loss (AE)
AE oc Z2

Does work for the light FF
No separation for the heavy FF
Very low recoll velocity
« Strong fluctuation in mean charge state
Only light fission fragments can be identified in Z and A




C22A  THE FE MASS YIELDS MAJOR ACTINIDES
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C2A  NEW EXPERIMENTAL APPROACH (K.H. SCHMIDT 96)

direct kinematics

o >
neutron

Qm

Reverse kinematics

Actinide:
U, Th

Study the fission of
radioactive nuclides
Two FF emitted in forward

direction : €40
Centre of mass boost:

easier identification of FF

Stable target Nuclear charge measured
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C22A  FISSION IN REVERSE KINEMATICS AT GSI

heavy target: Pb

Relativistic actinide U, Th ..

-

E* distribution
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C2A  THE SOFIA EFFORT

Follow K.-H. Schmidt pioneering idea
* Improve precision

« Getthe number of emitted neutrons

Get unprecedented mass and charge resolutions
Study the fission of many actinides and preactinides

8 european labs involved

5 years of technical developments
5 million euros invested

1st experiment in august 2012

Provide new data usable for :
Current nuclear reactors operation
Next generation nuclear reactor design
simulation of accidental configurations

. Improve the understanding of the process
. Contribute to the qualification of theoretical codes

. Improve the r-process modelling | PAGE 8




C2A GSI(DARMSTADT)

Actinide secondary beams from fragmentation reactions of 238U
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C2A  1ST SOFIA EXPERIMENT, 08/2012

SOFIA (08/2012) 7
Recorded fission events
B >105-10°%

0 >10%-10° N
M >10'-10°

78 Pt

|
2o ol o o = W0 20 O =T O
o o o i =l = - [V I o Y|
L | -] -l L B B | el -

For both fragments, we measure

Z and A

Target : resolution < 1 (FWHM) over the full FF range

In addition:
« Number of emitted neutrons v = A;..— (Al +A2)
« TKE
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The SOFIA set up
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THE SOFIA SET UP

Fission and
Secondary beam fragments identification
4 in cave C

Fission 7

START 1.5m 60 cm

ToF 7m

= Twin MUSIC

[] Active target
——  Fragment trajectories MWPC
....... Scintillators 0 ALaDIN

B LAND e Neutrons trajectories

all detectors developed for that experiment
Challenge : mass identification in the FF region
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DE LA RECHERCHE A L'INDUSTRIE




Spectra

1) Chart of nuclide



DE LA RECHERCHE A LINDUSTRIE

C2A CHART OF MEASURED FF
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C22A9 NUCLEAR CHARGE SPECTRUM.
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Rather good charge resolution
Visible odd-even staggering

PhD thesis : Julie Martin
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DE LA RECHERCHE A LINDUSTRIE

Number of counts
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Very good mass resolution for the light FF A
Degrades for the heavy FF, still neighbouring

iIsotopes disantangled | PAGE 18




Fission yields

1) Element



C2A 238y CHARGE YIELDS
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PhD thesis : Eric Pellereau ‘




235U, CHARGE YIELDS
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Most produced element moves from 52 to 54

PhD thesis : Julie Martin ‘ | PAGE 21




Yields (%)

C2A THE THORIUM CHAIN, K.-H. SCHMIDT ET AL VS SOFIA
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Fission yields

2) Isotonic



C2A ISOTONIC YIELDS: N=A —Z, FISSION OF 238(

Y(N) %

ARy
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Odd-even staggering for the light and heavy FF N

Proeminent peak at N=82 | PAGE 24




C2A ISOTONIC YIELDS: N=A —Z, FISSION OF 235U

12175

10_ I|I II

Yield [%)

Odd-even staggering for the light and heavy FF
Proeminent peak at N=82 | PAGE 25




Fission yields

3) Isotopic



DE LA RECHERCHE A LINDUSTRIE

Cea

Y (%)

ISOTOPIC YIELDS (HEAVY FF)

0.4~
aPd |03 aA9 o
0.3" i
0.2
0.2- 0.2
0.5+
0.1- 0.1 0.1
) . ; .
112 114 116 118 120 122 Y14 116 118 120 122 124 12¢ Y4 20 122 124 126 128 130 133 ° 124 126 128 130 132 134
" a8l
= 25 s4X€
2_
N 2
15 1.5+
| 1 i
r 0.5 0.5+
130 132 134 136 138 ° 132134136 138 140 142 432 134 136 138 140 142 ° 136 138 140 142 144 14€
v.a
i 0.8
| s7-a 03l soPT |15
L 0.6
0.2- 0.1~
[ 0.4+
I 0.2- 0.1- .05
038 140 142 144 146 148 0142 144 146 148 150 144 146 148 150 152 154 146 148 150 152 154 ° 150 152 154 156

> A

| PAGE 27



C24a ISOTOPIC YIELDS : ZOOM Z = 49-50

Y (N) %

Y (N) %
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FISSION MODES

Several paths toward the scission TKE Edef
(total kinetic energy)

132
zooN
Standard 1

Standard 2

Super-Long

Courtesy: Noel Dubray ‘




C24 ISOTOPIC YIELDS: Z = 49-50

Y (N) %

Y (N) %
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C24A ISOTOPIC YIELDS: Z = 49-50

Edéformation decrease

scission E* Increase




Fission yields

4) Mass



MASS YIELDS, COMPARISON TO THE EVALUATION
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Fission yields

5) Prompt Neutrons Vv



VU VS Z, FISSION OF 235U

v =235— (Al + A2)
SL Mode : E* increases :

higher deformation 235L’ (coulex, f)
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C2A 9V vs AFOR Z =49 , FISSION OF 235U
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A FOR Z =50, , FISSION OF 35U

122 124 126 128 130 132

A, Mass number
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Fission yields

6) TKE



TKE VS Z, FISSION OF 235U

Harder to extract that in
neutron induced fission
=> Hier uncertainty

1501

Odd = evén staggering in TKE(Z) !
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CZ2A TKEVS AFOR Z =49, FISSION OF 235y
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CZ2A TKEVS AFOR Z =50, FISSION OF 235y

~ PRELIMINARY
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C2A CONCLUSIONS

SOFIA1 provides new results :

Fission of tens of nuclide studied in one experiment

All fission fragments identified unambiguously for the 1st time in low
energy fission

Nuclear charge resolution = 0,4 u FWHM

Mass resolution = 0,8 u FWHM for A = 140
Typical uncertainty on isotopic yields <5 %

Big step forward w/ respect to previous knowledge

Detailed information on fission modes
New data on the scission configurations

= Total kinetic energy
=  Number of emitted neutrons

| PAGE 42




The SOFIA collaboration

4PN

INSTITUT DE PHYSIQUE NUCLEAIRE
ORSAY

UNIVERSIDADE m

DE SANTIAGO (o )

DE COMPOSTELA
UNIVERSIDADE
DE VIGO UNIVERSITY OF TECHNOLOGY
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C2A PERSPECTIVES

L’238U : 1 noyau sur les 80 mesurés - Intérét aussi dans
les systematiques

SOFIA 2 en 2014

Futur 1 : R3B
Aimant GLAD : 4,8 T.m. (ALADIN 2,2 T.m.)
CALIFA : Mesure des gammas

NEULAND : Mesure des neutrons (par fragment ?)
Répartition de I'énergie dans la fission

Futur 2 : FELISE @ FAIR

Fission at ELISE : excitation electromagnétique par des
e- . E* mesureée

| PAGE 44




C2A  SOUSTRACTION DE LA COMPOSANTE RESIDUELLE

La Sélection Z1+Z2 = 92 : n’élimine que les fissions de haute énergie
ou des PROTONS sont enlevés

Suppression de la composante ou seuls des NEUTRONS sont enleves ? 2>
Utilisation des fissions dans les matériaux legers (pas de fission e.m.)

0 18000
g' (1) Cathodes cible active J]ﬂl
O 45000
3 (2) Fenétre MUSIC2 + anodes &— [[ ]l
@ 14000 .
'g Soustraction : (1) - (2) m\
[e] 12000
] i
K = facteur pour égaliser les lﬂ
sections efficaces de fission H 1&
4000 f M-/[‘JI[ ll:ll
2000 : mwf’\.\jf J‘rlrrrr \1.\1]?[1
ofﬂwqq ” Mﬁ HL
| I87\ | | \88\ | | I89I | | \90\ | | \91I | | \92\ | | \93I | | \94
Z1 + ZZ
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C2A  SOUSTRACTION DE LA COMPOSANTE RESIDUELLE

La Sélection Z1+Z2 = 92 : n’élimine que les fissions de haute énergie
ou des PROTONS sont enlevés

Suppression de la composante ou seuls des NEUTRONS sont enleves ? >
Utilisation des fissions dans les matériaux legers (fissions nucléaires uniqguement)

14000

Cathodes avec Z1 + 22 =92 —

MUSIC 2 + anodes avec Z1 + Z2 = 92, & I'échelle
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Yasym/ Ysym

MASSES - PIC/VALLEE VS E*

12 7 ~ s Vivés et al.
— s L Erreur Vivés et al.
— | \ —@— soFia
1 1 | .ll T N M erreur SOFIA
[Y L]

E* =~ 15 MeV
Consistant avec la valeur de 14 MeV attendue (calculs)
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C2A  FISSION E.M ET GDR

Fission induite par neutron

J; =J; +0.5 si neutron thermique
e —
J;=J; +0.5 + L, avec L = f(E neutron)

. S| neutron thermique
A A+ @m) T ]

Fission induite par e.m.
GDR : B J.=J. +1
T=1,L=1,S=0 | ~ m = -,

A+1 (J;,m)

A+1 (J;,11p)

Exemple : fission de 'U8 sur SOFIA :
U8:GS =0+ ; aprese.m. GDR :U8: 1-
U7 :GS =1/2+
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C22A9 POLARISATION EN CHARGE
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C22A  SPECTRE D’EXCITATION A LA FISSION
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Flux photons eq.
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—— Moyenne
—=— Sigma
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C2A  ACTIVE TARGET

2 Anodes Tw

1 ca.thode (Heavy 2)
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MWPC : RESOLUTION EN POSITION

Fibres optiques
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N
sl
7

350— X_position_MWPC
[, Entries 2619
; L Mean -6.873
300 = . RMS 0.1059
TTTTT |- \
250 —
2 © \
: -
g 200 — \
(&) - v
* s
Q 150 / 180 \
100 — FWHM
= \

) S O SO O 0 ﬁﬁ T
-71 -7 -6.9 -6.8 -6.7 -6.6 -6.5
X Position [mm]

)
N I

| PAGE 55



RENDEMENTS ISOTOPIQUES ; EVOLUTION
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C2A MUSIC : ANGLE RESOLUTION

10000 T T T T T T T T T T T T dev_fit_Ief[0] {fission_AT == 1}
— — devfit_left[1] {fission AT == 1}
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— — devfit_left[3] {fission AT == 1}
9000 devfit_left[4] {fission AT == 1}
©  pee——— —— Eegeiea
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C2QA  FISSION EN CINEMATIQUE INVERSE RELATIVISTE

Noyau lourd fissionnant e
relativiste e Etude de noyaux radioactifs

& “— " | R

€geom IMportante

@ Py @ Excitation électromagnétique

@> E* =11 MeV

Peuplement
GDR

Fission de I>38U en cinématique inverse < n (=6 MeV) + %’U
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The detectors
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CIBLE ACTIVE : FISSION DANS LES MATERIAUX

LOURDS

Stack of ionisation chambers

- *fGENBG

AE(238U)
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FF2 2
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Anodes +1200V

Cathodes

1) Creéation d’e-

d’'ionisation
2) Avalanche d’e- autour
des fils d'anodes e
3) Influence sur les pistes =
de cathode
350 x_p?sition_MWPC
diPN - A E &
INSTITUT DE PHYSIQUE NUCLEAIRE - . / \
ORSAY £ 20 /
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C2A DISPOSITIF TEMPS DE VOL

Haute énergie et base de vol courte (7.5 m) :

Nécessaire pour séparer A lourds : 40 ps FWHM
Au GSI : 100 ps FWHM au mieux

Stop : contrainte de taille : Bruyéres-Le-Chatel
» Dimensions : 90 * 60 cm? (dispersion du dipble)

A. Ebran et al.,
NIM A 728
(2013) 40-46

28 scintillateurs < 56 PMTs

| PAGE 62



DE LA RECHERCHE & LINDUSTRIE

Cea z2vszi

71+ 72 = Z\ =92 =
e.m induced fission e <5

55}

50/

L2

Z1+72 <92
Fragmentation-Fission
40— o : il R

25
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C2A TWIN MUSIC : MULTI-SAMPLE IONISATION CHAMBER

10 anodes

AEi : energy losses > Z
ATi : drift time > ©

Upper view
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DE LA RECHERCHE A LINDUSTRIE

MUSIC : ANGLE RESOLUTION
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TOF RESOLUTION

5000

relativistic 124Sn
(heavy FF)

4000
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2000

Number of counts

} T
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ToF [x 5 ps]
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